Activating mutations in the fibroblast growth factor receptor 3 (FGFR3) cause the most common genetic form of human dwarfism, achondroplasia (ACH). Small chemical inhibitors of FGFR tyrosine kinase activity are considered to be viable option for treating ACH, but little experimental evidence supports this claim. We evaluated five FGFR tyrosine kinase inhibitors (TKIs) (SU5402, PD173074, AZD1480, AZD4547 and BGJ398) for their activity against FGFR signaling in chondrocytes. All five TKIs strongly inhibited FGFR activation in cultured chondrocytes and limb rudiment cultures, completely relieving FGFR-mediated inhibition of chondrocyte proliferation and maturation. In contrast, TKI treatment of newborn mice did not improve skeletal growth and had lethal toxic effects on the liver, lungs and kidneys. In cell-free kinase assays as well as in vitro and in vivo cell assays, none of the tested TKIs demonstrated selectivity for FGFR3 over three other FGFR tyrosine kinases. In addition, the TKIs exhibited significant off-target activity when screened against a panel of 14 unrelated tyrosine kinases. This was most extensive in SU5402 and AZD1480, which inhibited DDR2, IGF1R, FLT3, TRKA, FLT4, ABL and JAK3 with efficiencies similar to or greater than those for FGFR. Low target specificity and toxicity of FGFR TKIs thus compromise their use for treatment of ACH. Conceptually, different avenues of therapeutic FGFR3 targeting should be investigated. † These authors contributed to this work equally.
Introduction
Mammalian long bones grow at the epiphyseal growth plate cartilage, where chondrocytes proliferate and mature via a well-characterized sequence of events involving hypertrophic differentiation, extracellular matrix mineralization and, ultimately, apoptosis (1) . Proper cartilage growth depends on complex spatiotemporal interactions among many different signaling systems involving known chondrocyte mitogens such as parathyroid hormone-related protein, C-natriuretic protein, bone morphogenetic proteins and leukemia inhibitory factor (2) (3) (4) (5) . Systems that inhibit cartilage growth are equally important for the establishment of final skeletal size, which is restricted in terrestrial vertebrates.
The receptor tyrosine kinase fibroblast growth factor receptor 3 (FGFR3) is one of these physiological negative growth regulators, as evidenced by skeletal overgrowth in Fgfr3 null mice, or the finding that loss-of-function mutations in the human FGFR3 gene cause camptodactyly, tall stature and hearing loss syndrome (6, 7) . Correspondingly, the introduction of constitutively active FGFR3 leads to dwarfism in mice, while gene duplication involving the FGFR3 ligand FGF4 is linked to short-legged phenotypes in multiple dog breeds (8) (9) (10) . Activating FGFR3 mutations in humans are associated with four skeletal conditions that are collectively termed FGFR3-related skeletal dysplasias: achondroplasia (ACH), hypochondroplasia, severe ACH with developmental delay and acanthosis nigricans, and lethal thanatophoric dysplasia (TD) (11) . ACH is the most common form of human dwarfism and is characterized by disproportioned short stature, a narrow trunk, short proximal limbs, a large head with frontal bossing and midface hypoplasia and trident hands. ACH complications originate from abnormal bone growth and include developmental delay, hydrocephalus, spinal stenosis, articulation problems, hearing loss, cardiorespiratory and sleep dysfunctions, obesity and reproductive complications (12) . Successful targeting of FGFR3 during the postnatal growth period may restore normal skeletal size in those affected with ACH and may also be helpful in treating other skeletal conditions. Because FGFR3 is a major physiological negative regulator of bone growth, a safe and effective FGFR3 inhibitor will undoubtedly revolutionize the treatment of shortstature syndromes in general, possibly including many that are unrelated to FGFR3.
Tyrosine kinases represent relatively easily druggable targets, as proved by the existence of many therapies based on small molecule tyrosine kinase inhibitors (TKIs), which have enabled groundbreaking advances in the treatment of tumors such as chronic myeloid leukemia (13) . The four FGF-receptor tyrosine kinases (FGFR1-4) represent attractive therapeutic targets because many cancers are associated with genetic lesions affecting FGFR genes. These include activating mutations, gene amplifications and chromosomal translocations that create fusion FGFR oncogenes (14) . The first-generation FGFR TKIs targeting the ATPbinding site were reported in 1997 and are based on oxindole (SU5402) or pyridopyrimidine cores (PD173074) (15) (16) (17) . Many other FGFR TKIs have since been developed, including the recently introduced compounds AZD4547, AZD1480 and BGJ398 (18) (19) (20) . At least six FGFR TKIs are currently in Phase I/II of clinical trials for solid tumors (21) .
It is accepted that FGFR TKIs may be useful for ACH therapy, although there is little experimental evidence supporting this claim (11, 22, 23) . The present study was designed to critically evaluate the capacity of FGFR TKIs to target FGFR signaling in cartilage.
Results and Discussion

TKIs inhibit FGFR signaling in cultured chondrocytes
We evaluated two early-generation FGFR TKIs (SU5402, PD173074) and three late-generation inhibitors (AZD1480, AZD4547, BGJ398) to determine whether any significant improvement in anti-FGFR activity has been achieved during more than 10 years of development separating the two categories. It should be noted that AZD1480, AZD4547 and BGJ398 are currently undergoing cancer clinical trials and therefore represent the most likely candidates for an ACH therapy (21) . Rat chondrosarcoma (RCS) chondrocytes, a well-characterized chondrocytic cell line (24) , were used to initially evaluate the inhibitors' activity in a chondrocyte environment. RCS cells respond to experimental FGFR activation (via treatment with an exogenous FGF ligand) with potent cellular growth arrest. This process depends on activation of the extracellular signal-regulated/mitogen-activated protein kinase (ERK MAP) pathway and is accompanied by the induction of premature senescence, loss of extracellular matrix components and changes in cellular shape (25, 26) . We first evaluated the TKIs' activity in FGF2-mediated RCS growth arrest, which is a sensitive reporter of FGFR activity (27) . Cells were treated with the inhibitors at concentrations spanning a range of 3-5 orders of magnitude in order to establish a basal activity profile for each TKI. All TKIs completely rescued RCS cells from FGF2-mediated inhibition of proliferation at concentrations ranging from as little as 5 nM for BGJ398 to 5 µM for SU5402 (Fig. 1A ). All of the tested TKIs exhibited toxic effects at certain concentrations, manifested as inhibition of proliferation of FGF2-naïve RCS cells. These effects were particularly severe for SU5402 and AZD1480 and took place at concentrations below those required to rescue FGF2-mediated growth arrest. The optimal active concentrations for each TKI (i.e. concentrations at which the inhibitor completely restored RCS growth without causing toxic effects) were 15-20 nM for PD173074, 10-50 nM for AZD4547 and 5-10 nM for BGJ398 (Fig. 1) . All TKIs restored growth even in the presence of 100 ng/ml FGF2, which is well above the FGF2 concentration required for maximum strength of the growth arrest phenotype (∼40 ng/ml; Fig. 1B ) (27) . Other features of FGF2-mediated growth arrest, e.g. changes in cell morphology and induction of premature senescence (26) , were also completely reverted by TKIs ( Fig. 2A-C) . We also evaluated the TKIs' capacity to reverse an already established growth arrest phenotype; this would be important for a prospective ACH treatment, which would have to be effective in cartilage where growth had been chronically suppressed by aberrant FGFR3 signaling for months prior to the first administration of the treatment. Figure 2D shows that TKI treatment successfully reversed fully established FGF2-mediated growth arrest in RCS chondrocytes.
TKIs also abolished FGF-mediated activation of FGFR downstream signal transduction in RCS chondrocytes. Specifically, TKI treatment inhibited the FGF2-induced phosphorylation of the FRS2 adapter protein, MEK and ERK MAP kinases (all of which are components of the FGFR-RAS-ERK signaling pathway), as well as the phosphorylation of LRP6, which mediates crosstalk between FGFR and WNT/β-catenin signaling in chondrocytes (29) . Similarly, potent suppression of FGFR signal transduction was achieved in cells where the FGF2-mediated FGFR activation was significantly enhanced by addition of heparin (Fig. 3) . Altogether, our data show that all tested TKIs effectively suppressed FGFR signaling in cultured chondrocytes.
TKIs inhibit FGFR signaling in mouse tibia cultures
We next investigated tibia cultures, which are another wellcharacterized model system for studying FGFR signaling in cartilage.
Tibias isolated from mouse embryonal limbs continue their growth program in vitro, and this growth can be suppressed by treatment with exogenous FGF2 (31) . Tibias isolated from E18 embryos were cultured for 8 days, and their growth plates were analyzed by histology. Treatment with FGF2 caused significant attenuation of growth, accompanied by the absence of cells with typical hypertrophic chondrocyte morphology (Fig. 4A-C) . This finding was confirmed by the loss of cells expressing hypertrophic chondrocyte marker collagen type 10 (Col10a1) in FGF2-treated tibias, whereas FGF2-naïve tibias exhibited normal Col10a1 expression.
The tibia culture faithfully reproduces cartilage growth but not the growth of the bone component of the developing limb. This is because cartilage is avascular tissue capable of autonomous growth, whereas bone depends on a blood supply that is disrupted in culture. The growth plate morphology of the tibias shown in Figure 4C differs from the normal morphology in that there is a band of hypertrophic cartilage at the end of growth plates that does not express Col10a1 mRNA. This appears to be the cartilage matrix lacunae containing apoptotic chondrocytes (therefore no longer expressing Col10a1 mRNA) that would normally be eliminated by the invading bone, but accumulate here due to the disruption of bone growth in culture. The authenticity of the Col10a1 in situ signal was confirmed in growth plates of freshly isolated tibias (Fig. 4D) .
Treatment of tibias with 0.5 µM AZD4547 rescued the FGF2 growth-inhibited phenotype and restored normal growth plate architecture including Col10a1 expression. Similar results were obtained with 1 µM AZD4547 or with 0.5 µM BGJ398 (Supplementary Material, Fig. S1 ). Interestingly, tibias treated with AZD4547 and BGJ398 alone or in combination with FGF2 grew longer than untreated tibias ( and the cells were analyzed for activating phosphorylation (p) of the LRP6 WNT co-receptor, FRS2 adapter, and MEK and ERK kinases. As loading controls, the levels of actin and the total levels of the targeted kinases (irrespective of their phosphorylation status) were also determined. The electrophoretic mobility shift on FRS2 (total FRS2 blot) corresponds to the ERK-mediated feedback phosphorylation described previously (30) . Exogenous heparin (1 µg/ml) was added to FGF2 since it potently enhances the RCS response to FGF2 stimulus (28) . All TKIs completely abolish the FGF2-mediated activation of FGFR signal transduction.
endogenous FGFR3 signaling, which restricts growth (6) . The inhibition of physiological FGFR3 signaling using the C-natriuretic peptide analog BMN111 reportedly elevated growth in mice and cynomolgus monkeys (32) , further supporting the hypothesis that inhibition of endogenous wild-type (wt) FGFR3 signaling accelerates growth in healthy mammals. This suggests that Figure 4 . AZD4547 inhibits FGFR signaling in mouse tibia culture. (A) Tibias isolated from E18 embryos were cultured in media supplemented with FGF2 (100 ng/ml) and/or AZD4547 for 8 days, and their length was measured after extraction from the embryo and after 8 days of incubation. (B) Graphs representing differences between both time points (Δ length) in three independent experiments (four tibias for each treatment) are shown ( 1-3). Statistically significant differences are highlighted (ANOVA, **p < 0.001). Note the FGF2-mediated growth inhibition that is rescued by AZD4547. Also note the significant increase in lengths of tibias treated with AZD4547 alone in contrast to untreated controls, which reflects the inhibition of endogenous FGFR3 signaling. (C) Histological sections of representative tibias were stained with HE. Note the marked reduction of hypertrophic cartilage (H) in tibias treated with FGF2, with corresponding loss of Col10a1 expression (bottom panel, Col10a1 in situ hybridization counterstained with eosin). This phenotype is rescued by AZD4547. Cj, chondro-osseous junction. Scale bars 100 µM. Note the Col10a1 expression domain matching the zone of enlarged hypertrophic chondrocytes. Also note a band of hypertrophic cartilage at the end of the control growth plates negative for Col10a1 mRNA, which represents cartilage matrix lacunae containing apoptotic chondrocytes, which would normally be eliminated by invading bone; these accumulate here due to the anti-FGFR3 agents could potentially be useful for treating other short-stature conditions unrelated to FGFR3-related skeletal dysplasia. Our data demonstrate that TKIs efficiently target FGFR3 signaling within the growth plate cartilage of tibia cultures despite the presence of a dense extracellular matrix and the lack of vasculature. Similar results were obtained by others (23) , who reported the rescue of growth inhibition in tibias isolated from mice harboring FGFR3-Y367C (a homolog of the human TD mutation) following treatment with the PD173074 derivative A31 (33).
AZD4547 suppresses skeletal growth and causes lethality in vivo
We next sought to determine whether the positive effects of TKI treatment on bone growth in vitro could be replicated in vivo. AZD4547 was chosen for these experiments because of its most favorable effects in the in vitro experiments. Different concentrations of AZD4547 (0.5, 1, 5, 10, 50, 250, 1000 and 2000 µM) were intraperitoneally injected into newborn wt (CD1) mice, and their rate of postnatal growth was compared with control animals from the same litter injected with the AZD4547 vehicle dimethyl sulfoxide (DMSO) (Fig. 5A ). Animals were injected every week for 28 days, and their weight, body and tail lengths were recorded. No significant changes in any of the tested parameters occurred at 0.5-250 µM AZD4547, although a slight increase in body weight was noted at 50 µM AZD4547 ( Fig. 5D; Supplementary Material, Fig.  S2 ). The animals' weight and length decreased, and lethality occurred in animals treated with 1000 or 2000 µM AZD4547 ( Fig. 5B;  Supplementary Material, Fig. S2 ). Lethality always occurred 2-3 days after the first injection; animals that survived this period always remained alive until the end of the experiment 28 days later. The signs of lethal toxicity were progressive muscle paralysis, altered breathing frequency, cyanosis and respiratory arrest. Histological analysis revealed infiltration of inflammatory cells and obscured hepatocyte borders in the liver, cellular hypotrophy and reduction of the convoluted tubules in the kidney, and hemorrhage accompanied by disturbances of the interalveolar septum in the lung (Fig. 5C ). Surviving animals exhibited microscopic alterations in liver morphology including steatosis and accumulation of lipid droplets in cells. No changes in lung or kidney morphology were observed in surviving animals (data not shown).
Next, we analyzed the effect of AZD4547 on skeletal morphology. No significant changes were associated with 0.5-250 µM AZD4547 (Fig. S3) . In contrast, injections of 1000 and 2000 µM AZD4547 caused significant shortening of long bones and the bones of the skull ( Fig. 5E and F; Supplementary Material,  Fig. S3) . Interestingly, the general shape of the bones and the morphologies of individual processes and prominences in the analyzed bones were similar to those of controls, suggesting that the inhibition of skeletal growth may have been due to the general toxicity of AZD4547 rather than direct effects on bone. AZD4547 induced no changes in blood glucose, bile acids, vitamin D, inorganic phosphate, calcium, HDL, cholesterol and triacylglycerol levels (Supplementary Material, Fig. S4 ).
FGFR TKIs inhibit other tyrosine kinases
Taken together, our results demonstrate that while FGFR TKIs are potent inhibitors of FGFR signaling in cultured chondrocytes, they fail to accelerate skeletal growth in vivo and instead cause significant toxicity and lethality. This toxicity may stem from two principal sources: the TKI-mediated systemic inhibition of FGFR signaling and/or the TKI-mediated inhibition of other kinases unrelated to FGFR.
We used cell-free kinase assays to evaluate TKI activity toward all four FGFR tyrosine kinases (FGFR1-4) as well as 14 unrelated tyrosine kinases (AXL, TYRO3, DDR2, EGFR, IGF1R, INSR,  MET, cKIT, FLT3, FMS, TRKA, FLT4 , ABL, JAK3). The activity of recombinant kinases was assayed using either the phosphorylation of recombinant STAT1 or the autophosphorylation of the tested kinase as a reporter, with the TKIs being added directly to the kinase reaction mixtures. TKIs inhibited FGFR1-4 activity to the variable levels, ranging from almost complete suppression of FGFR1 activity by SU5402 to the as little as ∼20% suppression of FGFR2 activity by BGJ398 ( Fig. 6; Table 1 ). The relative levels of FGFR1-4 inhibition by individual TKIs were as follows: SU5402 (FGFR1 = FGFR2>>FGFR3 = FGFR4), PD173074 (FGFR1 = FGFR2 = FGFR3>FGFR4), AZD1480 (FGFR1>FGFR2>FGFR3>FGFR4), AZD4547 (FGFR1>FGFR2 = FGFR3>FGFR4) and BGJ398 (FGFR3> FGFR4>FGFR1 = FGFR2). PD173074 and AZD4547 were moderately selective for the FGFRs over the other tested kinases, although the extent of their inhibition of other kinase activity was comparable with their anti-FGFR activity in many cases (INSR and FLT4 for PD173074; FMS, TRKA, FLT4 and ABL for AZD4547) ( Table 1) . Conversely, SU5402 and AZD1480 were potent inhibitors of other kinases and in some cases were more active against offtarget kinases than against FGFR (FLT3, TRKA, FLT4 and JAK3 for SU5402; DDR2, IGF1R, FLT3, TRKA, FLT4, ABL and JAK3 for AZD1480). Interestingly, SU5402 and AZD1480 were also the most toxic TKIs in the RCS growth experiments (Fig. 1A) .
Cell-free kinase assays indicated that BGJ398 was a much weaker inhibitor of FGFR1, FGFR2 and FGFR4 activity than the other TKIs. However, the effects of this compound in the RCS growth arrest experiments were comparable with or greater than those of the other TKIs (Fig. 1) . We therefore evaluated its activity against individual FGFRs in vitro, in 293T cells transfected with FGFR1-4. BGJ398 inhibited activity of both wt FGFR1 and FGFR2 and their mutants associated with osteoglophonic dysplasia (FGFR1-Y374C), or Pfeiffer, Crouzon and Jackson-Weiss craniosynostoses (FGFR2-C342R) (Fig. 7B-E) (34, 35) . BGJ398 activity against FGFR3 and FGFR4 could not be examined because wt FGFR3 and FGFR4 did not activate after transfection into the 293 T cells (Fig. 7A) . The FGFR3-K650M mutant (which is associated with TD, bladder cancer and plasma cell myeloma) was only partially sensitive to BGJ398, whereas the rhabdomyosarcoma-associated FGFR4-V550E mutant was completely insensitive ( Fig. 7F and G) (36, 37) . As FGFR3-K650M is a strongly activating mutation, and FGFR4-V550E targets a gatekeeper residue that controls TKI access to the ATP-binding pocket (38, 39) , the resistance of these two mutants to BGJ398 cannot be used to estimate this inhibitor's activity against FGFR3 and FGFR4. The evidence obtained here is thus only sufficient to support the conclusion that BGJ398 is an effective FGFR1 and FGFR2 inhibitor in vitro and that its low activity in kinase assays ( Fig. 6 ; Table 1 ) is an artifact of the method.
TKIs are not selective for FGFR1-4 in vitro or in vivo
We next evaluated the TKI effects on FGFR signaling in two other models relevant to bone development: primary cultures of mouse limb bud mesenchymal cells with chondrocyte differentiation induced via micromass culture, and chicken wing buds treated with TKIs and left to develop into wings in vivo (40) . Micromass culture recapitulates the early stages of limb formation, including mesenchymal condensation, chondrocyte differentiation and cartilage nodule formation, which is observed after 7 days of culture (41) . FGF signaling plays a central role in cartilaginous nodule formation due to its proliferative effects on limb bud mesenchymal cells (42) . Treatment with AZD4547 significantly inhibited cartilaginous nodule formation in E12 mouse limb buds after 7 days of mesenchymal differentiation (Fig. 8A and B) .
We also injected AZD4547 into the right wing bud of chicken embryos at stages HH20 and 21 and analyzed its effect on the external and skeletal phenotypes 10-12 days later (Fig. 8D-K) . Wings treated with the AZD4547 vehicle (DMSO) and untreated wings Figure 6 . TKI activity against FGFR1-4 and 14 other unrelated tyrosine kinases. Cell-free kinase assays were conducted using selected recombinant tyrosine kinases and recombinant STAT1 as the substrate, with TKIs added directly to the reaction mixtures. Kinase activity was determined by monitoring STAT1 phosphorylation ( p) at Y701. EGFR, cKIT, FMS and TRKA activity was determined by detecting the levels of their autophosphorylation with an antibody specific to the phosphorylated form of the given kinase. Each experiment contains two controls (no inhibitor) and a sample with omitted ATP as a negative control. Quantities of total kinase and STAT1 serve as loading controls; in some samples, the amounts of recombinant proteins were determined by Sypro Ruby staining of acrylamide gels. The results are representative of three independent experiments, as listed in Table 1 . TKIs were used at 20 nM (BGJ398), 50 nM (AZD4547, PD173074), 5 µM (AZD1480) and 10 µM (SU5402). exhibited normal morphology (Fig. 8D , D′, E and E′). Treatment with 50 or 250 µM AZD4547 produced no external phenotype, but treatment with 1 m AZD4547 induced wing shortening, stump formation or total suppression of wing formation (Fig. 8J) . Detailed skeletal analysis revealed morphological changes in the zeugopod and autopod bones, with abnormal phenotypes varying from the absence of radius and digitus allulae to reduction of all distal bones (Fig. 8F′, K and G′) . These changes are further aggravated by 10 m AZD4547, causing total reduction of distal skeletal components and major changes in proximal bones including the scapula and coracoid (Fig. 8H′, I′ and K) .
The experimental models used in this work expressed various FGFRs. RCS chondrocytes express FGFR3 and FGFR2 (43); limb growth plate cartilages mainly expressed FGFR3 with some FGFR1 expression (Fig. 4E ), in agreement with previous reports (44) (45) (46) (47) ; micromass cultures derived from mouse limb bud mesenchyme mainly expressed FGFR1 and FGFR2 (Fig. 8C) ; chick limb buds express FGFR1 in the mesenchyme at stages HH20 and 21, and FGFR2 in the ectodermal cell layer covering limb mesenchymal cells. FGFR3 and FGFR4 are weakly expressed in chicken limb buds during their early development (48), MCF7 cells express FGFR1 and FGFR2 (43), 293T cells express FGFR1-4, and NIH3T3 cells express FGFR1 and FGFR2 (Fig. 8L) . Despite significant differences in their FGFR outfit, all seven experimental models used here responded rather uniformly to treatment with AZD4547 and/ or BGJ398, showing complete inhibition of FGFR signaling. The only exception was FGF2-mediated ERK MAP kinase activation in NIH3T3 cells, which was less inhibited by AZD4547 than by BGJ398 (Fig. 8M) . Thus, while some TKIs may exhibit modest selectivity for individual FGFRs in cell-free kinase assays, no meaningful selectivity for specific FGFRs is shown in cells; all of the tested TKIs completely suppressed signaling mediated by different FGFRs.
FGFR TKIs represent poor therapeutic options for ACH and other short-stature syndromes ACH therapy must satisfy several challenging criteria. First, it must be specific to the FGFR3 signaling in the cartilage. Since promoting chondrocyte proliferation and restoring hypertrophic differentiation are the two major objectives of ACH therapy, future ACH drugs should be highly specific for FGFR3 or components of its downstream signaling pathway in cartilage, even in the presence of closely related pro-growth pathways driven by receptor tyrosine kinases such as IGF1R (49); any interference with other processes vital for chondrocyte proliferation or differentiation will preclude successful therapy. Second, ACH therapy must be selective for FGFR3 over the other FGFRs. While FGFR3 signaling appears to be mainly limited to the growth plate cartilage, other FGFRs signal ubiquitously and regulate a plethora of metabolic, paracrine and autocrine processes in mammals. ACH treatment must therefore target FGFR3 signaling but not that of other FGFRs in order to avoid adverse effects in other tissues. The issue of specificity toward FGFR3 is even more important given that it may be necessary to administer high concentrations of an ACH drug to inhibit FGFR3 signaling in the growth plate cartilage, which is avascular and composed of a dense extracellular matrix. Third, the ACH therapy will be administered for extended period of postnatal growth and must therefore remain effective for years in order to achieve significant improvement in overall skeletal size. Resistance similar to that observed in cancer patients chronically treated with TKIs is unlikely to develop in ACH because FGFR3 inhibition provides growth advantages to chondrocytes. However, metabolic, hormonal and other changes associated with postnatal growth may complicate the drug's mechanism of action or affect responsiveness to the therapy during the prolonged treatment. Fourth, the ACH therapy must be without side effects. Because the ACH therapy will be delivered to growing children, with the key clinical outcome being an increase in stature, adverse effects during treatment or in the years after the therapy has been completed cannot be tolerated.
We conclude that FGFR TKI evaluated here are poor candidates for ACH therapy, mainly because of their lack of specificity for FGFR3 over other FGFRs, and their cell toxicity. These properties are similarly evident in both early-and late-generation FGFR TKIs, suggesting that further exploration of this TKI class (i.e. small molecules targeting the ATP-binding site of FGFR) is The percentages of kinase activity relative to activity in the absence of inhibitor (control, 100% active) are shown. Data represent averages from three independent experiments with indicated standard deviations. * indicates when phosphorylation of substrate (STAT1 Y701 ) was used to detect the activity of given kinase (Fig. 6 ).
Activation of EGFR, cKIT, FMS and TRKA was determined detecting the levels of their autophosphorylation with specific antibody.
unlikely to yield drugs suitable for ACH therapy. New efforts in this area should thus be directed toward developing conceptually different methods for targeting FGFR3 signaling in short-stature syndromes.
Materials and Methods
Cell, micromass and limb organ culture Cells were propagated in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and antibiotics (Invitrogen, Carlsbad, CA). For RCS growth assays, 2.5 × 10 2 cells per well were grown in 96-well tissue culture plates for 5 days, and cell numbers were determined by crystal violet staining according to a protocol described in detail elsewhere (27) . The chemicals were obtained from the following manufacturers: FGF2 and FGF22 (R&D Systems, Minneapolis, MN); heparin (Sigma-Aldrich, St. Louis, MO); SU5402 and PD173074 (Tocris Bioscience, Bristol, UK); and AZD1480, AZD4547 and BGJ398 (Selleckchem, Houston, TX). Primary mesenchymal cultures were established from the forelimb buds of E12 mouse embryos after proteolytic digestion with dispase II (Sigma). Cells were spotted as 10 µl aliquots at 2 × 10 7 cells/ml and left to adhere for 1 h before differentiating media (60% F12/40% DMEM, 10% FBS, 50 µg/ml ascorbic acid, 10 m β-glycerol phosphate) was added. Micromasses were cultivated for 7 days at 37°C in supplemented media that was replaced with fresh media every other day. Tibias were dissected out from mouse embryos at E18, placed on Millipore filters above a metal mesh and cultured in micromass differentiating media for 8 days at 37°C with daily media change. Tibias were photographed and measured at the beginning and end of each experiment. Their lengths were measured using Axio Vision (Zeiss, Germany). Statistical analyses were performed in Statistica 8.0 (StatSoft, USA), and ANOVA and Turkey's post hoc test were used to evaluate the significance of observed differences between individual treatments.
Western blotting, kinase assays and transfection Growth plate histology, collagen type 10 in situ hybridization and reverse transcriptase-polymerase chain reaction
Paraformaldehyde-fixed and paraffin-embedded tibias were sectioned at a thickness of 5 μm and stained with hematoxylineosin (HE) for morphological analysis. For in situ hybridization, the Col10a1 plasmid (IMAGp998B1114092Q, Biovalley, France) was linearized by polymerase chain reaction (PCR) with M13 primers. Sense and antisense digoxigenin (DIG)-labeled riboprobes were produced using the SP6 and T7 RNA polymerases, respectively. Hybridization was performed at 60°C overnight. The sense DIG-labeled probe was used as a negative control. In situ hybridization on tibia sections was performed as described before (51) . Total RNA was isolated from micromass cultures and tibias (cleared of bone and soft tissues) using the Mini RNeasy Kit according to the manufacturer's protocol (Qiagen). Reverse transcription was performed with 200 ng of isolated total RNA using a SuperScript Vilo cDNA synthesis Kit (Life Technologies). Quantitative PCR (qPCR) was performed with Taqman Universal PCR Master Mix using probes obtained from Life Technologies: FGFR1 (Mm00438930_m1), FGFR2 (Mm01269930_m1), FGFR3 (Mm00433294_m1), FGFR4 (Mm01341852_m1) as well as for β-actin (ACTB, Mm00607939_s1). ΔCT was calculated, and the resulting values were normalized as described before (52, 53) .
AZD4547 injection into chicken limb buds and postnatal mice
Fertilized chicken eggs (ISA brown) were obtained from Integra (Zabcice, Czech Republic). Eggs were incubated in a humidified forced air incubator at 37.8°C, and embryos were staged according to Hamburger and Hamilton (54) . AZD4547 was injected into the right wing bud using a micromanipulator (Leica, Germany) and microinjector (Eppendorf, Germany) to better target the selected area of application. Three injection sites (anterior, posterior, distal) were used. Left wings were treated with the TKI vehicle (DMSO). Embryos were collected after 10-12 days of incubation, fixed in ethanol, stained with alizarin red/alcian blue solution and cleared in KOH/glycerol. Mice were euthanized by cervical dislocation in accordance with the AVMA Guidelines on Euthanasia. Skeletal preparations were made using a procedure similar to that used for the chicken embryos. 
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